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Abstract: Laser micro sintering (LMS) is a process of manufacturing microscale parts and/or
features by laser sintering. Small powder particles (e.g., on the order of ~1 micron) are often used
for good spatial resolutions. Besides, pulsed lasers are often employed due to related potential
advantages. For good mechanical properties, pulsed laser-based LMS typically desires high
densification of sintered material, which is, however, often more difficult to achieve than
conventional macro selective laser sintering or melting. A new double-pulse laser micro sintering
(DP-LMS) process was recently proposed by the corresponding author, which is a novel approach
to potentially achieve good densification of sintered material in pulsed laser-based LMS. It
employs laser pulse groups, each of which contains “sintering laser pulse(s)” followed by
“pressing laser pulse(s)” at a certain delay time, which are used to sinter (melt and coalesce) the
powder particles and generate a high transient pressure onto the material, respectively. This paper
reports a study of the DP-LMS process for single-track sintering. The related fundamental
mechanisms are analyzed with the help of in-situ time-resolved measurements of powder bed
surface temperatures during DP-LMS. Under the conditions studied, it has been found that DP-
LMS can produce better sintering results than those by LMS only using the sintering or pressing
laser pulses. For a good sintering result in DP-LMS, the “pressing laser pulse” needs to have a
sufficiently high intensity and follow the last preceding “sintering pulse” close enough such that
the irradiated surface region is still in a molten state (or partially so to a sufficient extent). The
fundamental mechanism for good sintering results in DP-LMS is expected to be that the ‘pressing
laser pulse” can induce (likely via laser ablation and plasma generation) high pressures on the
powder bed surface, which can promote melt flow, reduce balling and/or enhance material
densification and/or continuity. In addition, a thermal accumulation effect between adjacent
“sintering laser pulses” during DP-LMS has been revealed by the in-situ temperature
measurements.
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1. Introduction
Selective laser sintering (SLS) and selective laser melting (SLM) are important additive

manufacturing technologies with several advantages such as good flexibility in the geometry and
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composition of produced parts and short lead time [1-3]. Laser sintering or melting also sees
applications in the fabrication of flexible electronics [4] and composites [5]. Laser micro sintering
(LMS) is a process of manufacturing microscale parts and/or features by laser sintering [6-11]. It
may benefit industrial areas that desire rapid and flexible production of micro parts and/or features
(for simplicity in this paper, the phrase “laser sintering” will be used to refer to all processes of
laser irradiation-induced powder particle coalition, regardless of whether or not powder full
melting occurs).

In LMS, to get a good spatial resolution very fine powders with particle diameters on the
order of ~1 um are often used [10]. Besides, LMS by short laser pulses (e.g., with a pulse duration
on the order of 100 ns) have potential advantages such as good resolution and possible prevention
or reduction of surface oxidation even in air [6, 10]. For good mechanical properties, pulsed laser-
based LMS typically desire a high densification of the sintered material, which is, however, often
more difficult to achieve than conventional macro SLS or SLM. In particular, the powder sizes in
LMS (often on the order of ~1 um) are typically much smaller than those for the conventional
macro SLS or SLM [10]. The large surface-to-volume ratios of the particles make the ratios of the
inter-particle surface force over the gravity force large [6]. Hence, the particles are prone to
forming agglomerated clusters and typically have a low pre-sintering apparent density in the
powder bed, which may lead to the formation of spheres (i.e., balling) and/or poor densification in
the sintered medium [6, 10].

The corresponding author of this paper proposed a new “double-pulse laser micro
sintering” (DP-LMS) process [12, 13]. It is a novel approach to potentially achieve good
densification of sintered material in pulsed laser-based LMS. The word “double” means two types

of laser pulses are used. In DP-LMS, laser sintering is conducted using “laser pulse groups”, and



each group consists of N; “sintering laser pulses” followed by N “pressing laser pulses” at a certain
delay time (where N; and N> >1). The parameters of the “sintering laser pulses” are selected for
the purpose of “sintering”, i.e., to induce sufficient melting and coalition of powder particles
(“target’) without too much material removal. Hence, the “sintering pulses” should often have a
relatively long pulse duration and a low intensity. The parameters of the “pressing laser pulse(s)”
are selected for the purpose of pressing the target material, typically by the high pressure exerted
on the target surface due to plasma induced by laser ablation. Hence, the “pressing pulse(s)” should
often have a relatively high intensity (to induce a high pressure) and a short duration (to avoid too
much energy input and material removal). DP-LMS has good process flexibility and adjustability:
the parameters for the “sintering pulses” and “pressing pulses” can be selected for the purpose of
sintering and pressing, respectively. The delay time of the “pressing pulse(s)” after the “sintering
pulses” in each group can also be adjusted to potentially improve sintering results. The DP-LMS
process utilizes special pulse formats during sintering to potentially enhance manufacturing
performance. DP-LMS itself does not involve additional pre- or post-sintering treatment step(s)
that may obviously increase the total production time. On the other hand, DP-LMS does not
necessarily preclude these treatments (e.g., pre-sintering high-pressure compression of the powder
that may benefit sintering [10]) and can be combined with them (when necessary and suitable) to
potentially further improve the overall additive manufacturing performance.

A preliminary experimental study on the DP-LMS process by the authors was reported in
[13]. Under the conditions investigated, optical microscopic images show that DP-LMS using laser
pulse groups with 10 “sintering pulses” followed by 1 “pressing pulse” in each group can produce

sintered material that appear to be much more continuous and densified with much less severe



balling than that by LMS only using the “sintering pulses”. This has demonstrated a great potential
of the novel DP-LMS process in the field.

However, the authors’ previous experimental study on the novel DP-LMS process in [13]
is very preliminary. Laser sintering was conducted at 3%3 location points on the powder surface.
One laser pulse group was fired at each location point by a stationary laser beam. Then the beam
moved to the next location point to fire the next laser pulse group. No comprehensive study was
performed in [13] on the effects of major process parameters in DP-LMS.

This paper reports the authors’ experimental study of the novel DP-LMS process for single-
track sintering by a moving laser beam, with different values of the major parameters, such as the
“pressing laser pulse” energy, delay time and the temporal distance between adjacent laser pulse
groups. The sintered material lines were observed by an optical and/or scanning electron
microscope for material surface morphology, continuity, densification and possible defects such
as pores and balling. LMS only using the sintering or pressing laser pulses was also conducted.
Sintering results under different conditions were compared.

To help analyze some related fundamental mechanisms during DP-LMS, in-situ time-
resolved measurements of powder-bed surface temperature histories were performed. Such
measurements are challenging due to the high spatial and temporal resolution requirements. To
overcome the challenges, a two-color pyrometry system set up by the authors was used. The
temperature measurement system has the advantages of non-contact and reasonably high spatial
and temporal resolutions. In addition, by measuring thermal radiation in two wavelength ranges,
the pyrometry system does not require the target surface emissivity values. Some related

fundamental mechanisms for DP-LMS will be analyzed with the help of the in-situ temperature



measurement results. It is beyond the scope of this paper to study the achievable spatial resolution
for DP-LMS.
2. Experiments
2.1 Sintering Experiments

Figure 1a and 1b show the experimental setup in this study and the laser pulse format used
(it should be noted that the schematic diagrams in this paper do not necessarily include all
components and do not necessarily show the exact actual details). In Fig.1a, the “sintering pulses”
come from Laser 1 (SPI, G3.0, SP-20P-0008-002) with a total pulse duration of ~200 ns per pulse
and a wavelength of ~1064 nm, while the “pressing pulses” come from Laser 2 (Bright Solutions,
Onda) with a full-width-at-half-maximum (FWHM) duration of ~4 ns and a wavelength of ~1064
nm. The two laser beams’ paths are combined through the beam splitter and then they enter the
laser scan head (Scanlab, Hurryscan 14), which has mirrors and a focusing lens (f = 100 mm) that
deliver the laser beams onto the target (powder bed) surface. The target surface is positioned at a
certain vertical location where the laser spot diameters for the “sintering pulses” and the “pressing
pulses” are both estimated to be ~180 um via the knife-edge method and based on the approximate
assumption of a Gaussian beam profile. As mentioned earlier, it is beyond the scope of this paper
to study the achievable spatial resolution for DP-LMS, and hence relatively large laser spots are
used to make it easier to observe the surface morphology of the sintered material lines. The
nominal laser spot moving speed (achieved using the scan head or a motion stage not drawn in
Fig.1a) on the powder bed surface is ~20 mm/s. The timing of the sintering and pressing laser
pulses is controlled by the digital delay generator. Fig.1b shows the laser pulse format. In DP-
LMS, each laser pulse group contains 10 “sintering pulses” fired at a pulse repetition rate of 25

kHz, followed by 1 “pressing pulse” at a delay time of 1, (which is defined as the time interval



from the rising edge of the last preceding “sintering pulse” to the peak power moment of the
“pressing pulse”). Then, after some time the next laser pulse group is fired, and the temporal
interval between the rising edge of the last “sintering pulse” of the previous laser pulse group and
the rising edge of the first “sintering pulse” of the next laser pulse group is Tg,.

The cobalt powder used in this study has a nominal particle size of ~1.6 um as listed in the
specification of the product (Alfa Aesar, Product number: 10455). The powder spreading (coating)
was achieved using a doctor blade. The powder was moisturized by ~95% ethanol before it was
spread by the blade. Laser sintering was conducted in the ambient air after the powder dried.
Typically, in each experiment the laser spots travel a path consisting of one or multiple straight-
line sections to sinter a single-track surface layer, whose thickness is expected to be much smaller
than the total thickness of the powder bed.

DP-LMS experiments (for single-track sintering) were conducted under various values of
some major process parameters, such as the “pressing laser pulse” energy, delay time (tp), and the
time interval between adjacent laser pulse groups (tg). Sintering experiments were also performed
using the “single pulse” format (i.e., only using the “sintering pulses” or the “pressing pulses” in
each laser pulse group in Fig.1b). The sintered material lines were observed by an optical and/or
scanning electron microscope (SEM) for surface morphology, material continuity, densification
and possible defects such as pores and balling. The cross sections of some sintered samples were
observed by SEM, and the surface elemental compositions of some cross sections were measured

by energy-dispersive X-ray spectroscopy (EDS).

2.2 In-situ Time-resolved Temperature Measurements during DP-LMS and Related Principles



To help understand the underlying physical mechanism for some experimental results of
laser sintering, in-situ time-resolved measurements of the powder bed surface temperatures were
performed during DP-LMS. The measurement can provide the temperature history of a small
measurement spot (which has approximately the same center location as, but is smaller than, the
laser spots) on the powder bed surface during DP-LMS. Such temperature measurements are
challenging due to the high spatial and temporal resolution requirements. They were performed
based on a two-color pyrometry system set up by the authors to overcome the related challenges.
The system determines the temperature by measuring target surface-emitted thermal radiation in
two different wavelength ranges. It has the advantages of non-contact and not requiring the surface
emissivity values. The reasonably high spatial resolution is achieved via an objective and a
focusing lens in the system, while the reasonably high temporal resolution is facilitated by a
photodetector with built-in amplifiers and ~ns scale rising time.

The schematic in Fig.la also includes the two-color pyrometry system for the in-situ
temperature measurement. It consists of an objective (Motic Plan APO ELWD 10x Microscope
Objective, focal length: 20mm, numerical aperture (NA): 0.28), a beam splitter (Thorlabs BS015),
a filter (either Type A or B), a focusing lens (Thorlabs LA1134-C, focal length: 60 mm), and an
InGaAs photodetector (Thorlabs PDA015C/M; nominal detector size: @150 pm; the upper limit
of the detectable wavelength range is ~1800 nm according to the product user guide). The optical
axis of the pyrometry system has an angle of ~45° relative to the powder bed surface. The system
also includes a tube lens and a camera for the imaging required for the alignment purpose. The
filter can be either Type A filter (longpass filter, Thorlabs FEL1200, cut-on wavelength: 1200 nm)
or Type B filter (longpass filter, Thorlabs FEL1400, cut-on Wavelength: 1400 nm). When Type A

filter is used, the system measures the thermal radiation emitted from the target surface in the



wavelength range of ~1200 to ~1800 nm. When Type B filter is used, it measures the thermal
radiation in the range of ~1400 to 1800 nm. The photodetector converts the collected thermal
radiation powder into a photocurrent, which eventually leads to a voltage signal that can be
measured by an oscilloscope. The voltage signal histories (determined via a procedure introduced
later) can be called Va(z) and V(¢) when Type A and B filters are used, respectively. Both Type A
and B filters can block most of the laser light (if any) from entering the photodetector. In addition,
during the temperature measurements for the results given in this paper it has been assumed that
the thermal radiation power emitted by the powder bed surface that reaches the photodetector is
much larger than that reflected by the surface, and the latter can be neglected.

Based on the setup, the measurement spot is approximately estimated to be an ellipse of
~50 x ~70 um, whose center is approximately located at the laser spot center. Based on the NA of
the objective lens, the thermal radiation emission from the measurement spot center within a cone
(which has a half apex angle of ~16.26°) can reach the photodetector. The measurement spot
boundary is defined as the collection of the powder bed surface points whose thermal radiation
emission within about half of such a cone can reach the photodetector. The measurement spot is
reasonably small and the temperature variation with spatial locations within the spot has been
approximately neglected. Hence, at a given moment one temperature is determined via the
pyrometry system for the measurement spot. It has also been approximately assumed that under
the conditions studied the surface spectral, directional emissivity, (4, T, &, 8), has a relatively
weak wavelength dependence that can be approximately neglected, ie., ¢4, T, a,f) =
e(T,a, ), in the wavelength range of 1200 to 1800 nm. The justification of this assumption will

be discussed later.



Based on the assumptions above and the related thermal radiation theory [14], the ratio of

the photodetector voltage signals can be given by:
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where dA4 denotes a differential area within the measurement spot, @, @5, 1 and [, define the
solid angle range within which the thermal radiation emitted from a target surface point is
detectable by the photodetector, Rs(A) is the photodetector responsivity (whose wavelength
dependence is given in its user guide), t,-(4) is the total transmission of all the optical components
that the thermal radiation emission passes through before reaching the photodetector (where the
wavelength dependence of each component’s transmission is available in the relevant product
information from the corresponding vendor, except the objective lens, for which it has been
assumed that the wavelength dependence of the transmission can be approximately neglected for

the range of 1200 to 1800 nm), and I, (4, T) denotes the spectral distribution of blackbody



emission. Based on the voltage signals V() and Vj(2), the measurement spot temperature can be
determined via Eq.(1).

The following is the procedure to obtain V,(z) and V5 (2) that will be put into Eq.(1) to deduce
the temperature. For a given DP-LMS condition, N measurements are performed with Type B filter
and Type A filter, respectively. The obtained photodetector voltage signal histories can be called,
Up,i(t) and U, i(2), respectively, wherei= 1, 2, .... N. Even in a dark environment, the photodetector
can still produce a dark voltage signal with a mean voltage of Va0 and a maximum oscillation
amplitude of Vauxamp. The mean dark voltage of the photodetector will be removed when the

average voltage signal from N measurements is calculated:

1
Vb,ave(t) = [ﬁ IiV=1 Ub,i(t)] - Vdark,o (2)

Vaave(®) = [x 211 Uai(O)] = Vaario (3)

Then, to decrease high-frequency noise, the signals, Vi ave(?) and Ve ave(?), are processed by
a Butterworth low-pass filter in Matlab (5" order; normalized cutoff frequency: 0.0121;
normalization is based on the oscilloscope sampling frequency of 25 MHz) to get Viave f(2) and
Vaave (), respectively. For the signal curve Vj g, ¢(t) versus ¢, its portion below 2Vaarkamp is
truncated (because this portion is not significantly larger than the dark voltage oscillation
amplitude and could be un-reliable for the temperature deduction), and the resulted signal will be
called V,,(t). Then Vj gye ¢(t) is truncated to obtain V,(t). The truncation is performed in a way
to make V, (t) have the same duration as V, (t). Based on the obtained V, (t) and V},(t) signals, the
measured temperature history 7(z) can be deduced via Eq.(1).

Finally, the previously mentioned assumption about the weak wavelength dependence of
the emissivity in the range of 1200 to 1800 nm will be discussed. Based on the Kirchhoff’s law

[14], the surface spectral, directional emissivity, £(4, T, &, 5), can be determined as one minus the
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surface spectral, directional reflectivity. The surface reflectivity can be estimated via the Fresnel
equations [15] based on the target material complex index of refraction (which is an intrinsic
material optical property). The index of refraction can be estimated via the Drude model [15-17]
based on the target metal plasma frequency and the DC electrical conductivity. Ref. [17] lists a
constant value of the cobalt plasma frequency (more related details are given in [17]). Refs.[18]
lists the solid and molten cobalt electrical conductivities at different temperatures. Based on these,
the emissivity variation with the wavelength in the range of 1200 to 1800 nm is estimated via the
Drude model and Fresnel equations for the following conditions: solid cobalt at 1400 K, solid
cobalt 1767 K, liquid cobalt at 1767 K, liquid cobalt at 2300 K, 2600 K and 3000 K for the
incidence angle of 45°, 45°+16°, and 45°-16°, respectively, for both the transverse electric (TE)
and transverse magnetic (TM) situations. The measured temperatures in this paper and the
involved emissivity angles are mostly within these ranges. For all the calculated conditions, it has
been found that the emissivity variation with the wavelength is small in the range of 1200 to 1800
nm. Although the theoretical analysis is very approximate, it should provide a reasonable support
for the approximate assumption that the wavelength dependence of the emissivity can be neglected
for the range of 1200 to 1800 nm.

For in-situ temperature measurements, the powder bed surface is moved by a motion stage,
while the laser beam and the pyrometry system (hence its measurement spot) stay stationary
relative to the laboratory ground. Hence, the relative location between the laser spots and the
measurement spot stays the same. For laser sintering experiments without in-situ temperature
measurements, the relative motion of the laser spots on the powder bed surface is achieved either
by moving the powder bed with a motion stage or by moving the laser spots with the scanhead. In

the authors’ previous work [19], a similar two-color pyrometry approach was used to measure the
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target surface temperature during single-beam laser sintering of carbon nanotube-silver composite
thin films on a polymer substrate, and the study in [19] was not for DP-LMS. Ref.[19] shows that
under the irradiation by a train of laser pulses, the target surface melting duration deduced from
the temperature measurement with the two-color pyrometry approach agrees well with that
deduced via the surface-reflected probe laser light measurement. This has provided a verification

of the validity of the temperature measurement approach.

3. Results and Discussions
3.1 Experimental Results on Laser Sintering

Figure 2 shows optical microscopic images for the sintering results by DP-LMS and those
by only using the “sintering pulses” (without the “pressing pulse”) in Fig. 1b. Fig.2c shows the
material lines (which form a near-rectangular shape) sintered by only using the “sintering pulses”
with an average pulse energy of ~0.067 mJ. Severe balling can be observed and the sintered
material do not appear to be very continuous or densified. On the other hand, Fig.2a shows the
material lines sintered by DP-LMS, and the condition differs from that in Fig.2c. In Fig.2a, an
additional “pressing laser pulse” with the pulse energy of ~0.179 mlJ is used for each laser pulse
group. The sintered lines show much less severe balling and appear to be much more continuous
and densified than those in Fig.2c. The central regions of the lines in Fig.2a also appear more shiny
overall, which likely implies better surface smoothness. Is the better sintering result in Fig.2a than
that in Fig.2c simply due to more laser pulse energy input in each pulse group? The answer should
be No as implied by Fig.2e, which shows the sintered lines by only using “sintering pulses”, but
with a higher average pulse energy of ~0.084 mJ (such that the total laser energy per laser pulse

group is very close to that for DP-LMS in Fig.2a). However, the sintered lines still show severe
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balling and overall the ball sizes appear to be larger than those in Fig.2c. The sintered material still
appears to be much less densified or continuous than that in Fig.2a. Figs.2b, 2d and 2f show optical
microscopic images of a portion of the sintered lines in Figs.2a, 2c and 2e, respectively. They show
the aforementioned corresponding characteristics more clearly.

Figure 3a and 3c show the SEM images of a material line sintered by DP-LMS and by only
using the “sintering pulses”, respectively. Fig.3c shows that the sintered line mainly consists of
many spherical or near-spherical balls. Due to the severe balling phenomenon, the medium is very
porous and appears to have poor densification. In contrast, Fig.3a shows that the line sintered by
DP-LMS exhibits much less severe balling, much lower porosity and overall appears to be much
more continuous and densified than that in Fig.3c. There is only a much smaller number of balls
near the line boundary in Fig.3a. Fig.3b and 3d show SEM images at a higher magnification for a
region sintered by DP-LMS and that by only using the “sintering pulses”, respectively. The images
show more clearly that the metal medium sintered by DP-LMS appear to be much more continuous
and densified. One thing observed related to the balling phenomenon for laser sintering only using
the “sintering pulses” is that higher laser pulse fluence appears to produce larger balls overall,
which can be seen by comparing Fig.2d with 2f. This can also be seen from the SEM image in
Fig.3c, where the ball size in the line central region (where the local laser fluence is larger) appears
to be overall larger than that near the line boundary region. Figure 3e and 3f show the SEM images
of a material line sintered by only using the “pressing pulses”. The “pressing laser pulse” energy
per pulse is the same as that in the DP-LMS process for Fig.3a. Under the condition given, the
sintered regions in the SEM images in Fig.3e and f appear obviously more porous than those in

Fig.3a and 3b for the DP-LMS process.

13



Figure 4 shows cross-sectional SEM images for material lines sintered by DP-LMS (the
top row) and SP-LMS with “sintering pulses” alone (the bottom row), respectively. In Fig.4a, a
reasonably continuous sintered layer can be clearly seen, below which are the un-sintered cobalt
powders. A higher-magnified SEM image of a portion of the region in Fig.4a is shown in Fig.4b,
in which the sintered region material appears very densified. In Fig.4c, the cross section of the
sample sintered by SP-LMS with “sintering pulses” alone shows large and separate balls or blocks.
The morphology is consistent with the severe balling phenomenon observed in the top-surface
SEM images in Fig.3c and d for a material line sintered by SP-LMS with only the “sintering
pulses”. The sintered region (i.e., the region with relatively large balls and/or blocks) in the cross-
section in Fig.4c appears much less continuous than that in Fig.4a. It should be noted that the width
of the sintered layer by DP-LMS is much larger than its thickness, and thus the layer might be
easily deformed during the sample mounting process, which could be a reason (or one of the
reasons) for the layer deformation observed in the SEM image in Fig.4a.

Figure 5a and 5b show the elemental composition maps obtained via EDS measurements
for cross-sectional regions of samples sintered by DP-LMS and by SP-LMS with only the
“sintering pulses”, respectively. Figure 5c shows the weight percentages of elements for the
measured regions in (a) and (b). It can be seen that the elemental map and weight percentages for
the sample by DP-LMS are similar to those for the sample by SP-LMS. For the regions of both
maps, the EDS results show that the cobalt element dominates in the cross section, and the oxygen
percentage is very low. This implies that the cobalt element likely dominates in the bulk of the
sintered material. Thus, for the purpose of the study in this paper, it is sufficient to perform the
sintering in the ambient air. On the other hand, EDS measurements were also performed on a DP-

LMS sample fop surface, which show that a significant amount of oxygen element does exist on
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the top surface. Hence, for situations where the top surface oxidation needs to be minimized, the
sintering can be performed in an inert gas environment. The cobalt powder used in the sintering
has a high purity based on the product specification from the vendor. Hence, it is expected that the
carbon element shown in the EDS results in Fig.5 should be mainly due to the carbon
contamination of the EDS sample surface, which is a common phenomenon in EDS measurements
and does not affect the purpose of the EDS measurement in this paper.

Figure 6 shows optical microscopic images of material lines sintered by DP-LMS with
different delay time for the “pressing laser pulse” in each laser pulse group (tp =25 ps, 125 ps and
625 ps for Fig.6a, 6b and 6c, respectively). The morphologies obtained with 1, =25 ps and 125 ps
are similar to each other. However, for 1, = 625 s, Fig.6¢c shows that the sintered material exhibits
more obvious balling and appears to be less densified and/or continuous.

Figure 7a and 7b show optical microscopic images of lines sintered by DP-LMS with
different “pressing laser pulse” energies of ~0.138 and ~0.179 mJ, respectively. The sintered line
in Fig.7b appears to be reasonably dense and continuous. However, the sintered line in Fig.7a
appears to be more porous and less continuous. The results in Figs.6 and 7 imply that in DP-LMS
the “pressing laser pulse” needs to be fired at suitable timing with a sufficient high pulse energy
to obtain good sintering results.

Figure 7c shows the electrical resistance of ~14-mm material lines sintered by DP-LMS
with the pressing pulse energy of ~0.138 mJ or ~0.179 mJ per pulse (i.e., with major laser
parameters the same as those in Fig.7a and b, respectively). The resistance is measured via the
four-point probe method. Microscopic observations suggest that the sintered line cross-sectional
areas do not differ very significantly with the two different “pressing pulse” energies. Hence, the

much lower average electrical resistance of the lines sintered with the “pressing pulse” energy of
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~0.179 mJ/pulse should indicate obviously better coalition and/or continuity of the material
sintered in this condition than that with the smaller “pressing pulse” energy of ~0.138 mJ/pulse.
This comparison result is consistent with the surface morphology indicated by the micrographs in
Fig.7a and 7b, which show that the material sintered with the “pressing pulse” energy of ~0.179
mlJ appears more continuous and densified. This also provides support that the sintered region
surface morphology shown in the micrographs in this paper, although qualitative in nature, is
expected to be an acceptable quality indicator for the purpose of the study in this paper. Hence,
the sintering quality comparisons in this paper are mainly based on the morphologies in the
micrographs. For Fig.7c, the “pressing laser pulse” delay time in DP-LMS is 125 ps. Under the
conditions studied, the samples sintered by SP-LMS with only the “sintering laser pulses” and the
samples sintered by DP-LMS with a too long “pressing laser pulse” delay time of 625 ps (i.e., with
major laser parameters the same as those for Fig.6¢) are often so fragile that it is difficult to reliably
measure their resistance. The sample fragility is a further indication that the sintering results under
these conditions are worse than those by DP-LMS with the laser conditions for Fig.7c.

Figure 8 shows optical microscopic images of lines sintered by DP-LMS with different
temporal distances between adjacent laser pulse groups, where tg = 640 ps, 1040 ps and 1440 ps
for Fig.8a, 8b and 8c, respectively. A very interesting phenomenon is observed. The sintered line
in Fig.8b appears to be more continuous and less porous than those in Fig.8a and 8c. In other
words, under the conditions studied, if the group-to-group temporal distance is too large or too
small, it is not beneficial for the sintered material densification.

In a short summary, Figs. 2-4, 6-8 show that under the conditions studied: (1) DP-LMS can
produce sintered material lines that appear to be much more continuous and densified with much

less severe balling than those by LMS under similar conditions but only using the “sintering
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pulses” without the “pressing pulse” in each pulse group. (2) In DP-LMS a “pressing laser pulse”
with a sufficiently high pulse energy needs to be fired at a time sufficiently close to the last
“sintering laser pulse” in the same pulse group to get good sintering results. (3) In DP-LMS, the
temporal distance between adjacent pulse groups should not be too large or too small. The possible
underlying fundamental mechanisms for these observations will be analyzed and discussed in the

next two sections.

3.2 Fundamental Mechanism Analysis for Different Results by DP-LMS and SP-LMS with
Only the “Sintering Pulses”

The authors’ previous paper [13] has briefly discussed the possible fundamental
mechanism for DP-LMS. In this paper, this section explains the expected fundamental mechanism
in more details for the different sintering results obtained by DP-LMS and by single-pulse LMS
(SP-LMS) with only the “sintering pulses” under the conditions studied. The mechanism is
demonstrated in Fig.9. Future work may still be needed to further verify the proposed fundamental
mechanism.

The powder apparent density in the powder bed in this study (which was approximately
estimated by measuring the powder weight and apparent volume) is only ~28% of the bulk cobalt
[20]. The nominal particle size is very small (only ~1.6 um based on the product specification).
The particle surface-to-volume ratio is high, which makes the ratio of the inter-particle surface
force to the gravity force high, and the particles tend to agglomerate into many clusters. Under the
irradiation of the “sintering laser pulses”, the particle melting (or partial melting) and/or coalition

may occur. Then, driven by surface tension, some molten material could contract into many
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individual balls. A larger laser fluence may yield more severe coalition and overall larger ball
sizes.

For single-pulse LMS with only the “sintering pulses”, the aforementioned molten metal
balls will cool down and re-solidify. As a result, the sintered medium may exhibit severe balling
and have poor densification as shown in Figs.2(c-f) and 3(c, d).

On the other hand, for DP-LMS, in each laser pulse group a “pressing laser pulse” is fired
to the powder bed material surface (“target surface”). Compared with the “sintering pulses”, the
“pressing pulse” has a much shorter duration of ~4 ns (vs. ~200 ns for each “sintering pulse”) and
a much higher transient intensity. The “pressing laser pulse” may ablate a small amount of the
material and generate a high-pressure plasma plume, which can induce a high transient pressure
onto the target surface [6, 21, 22]. This may promote the melt flow and help transform many molten
balls into a more continuous and flat molten layer, which then re-solidifies into a more continuous
and densified solid layer with much less severe balling as shown in Figs.2(a, b) and 3(a, b). As
shown later, the in-situ temperature measurement results are consistent with, and hence provide

supporting evidence to, this expected fundamental mechanism.

3.3 Fundamental Mechanism Analysis for Parameters’ Effects in DP-LMS

Figs.6 to 8 suggest the following parametric effects in DP-LMS under the conditions
studied, that is, in order to obtain good sintering results:
Effect (1): with a given laser pulse duration and spot size, the “pressing pulse” energy needs to be
sufficiently high (as implied by Fig.7);
Effect (2): the “pressing pulse” needs to follow the last “sintering pulse” in the same group close

enough (as implied by Fig.6);
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Effect (3): the temporal distance between adjacent pulse groups needs to be suitable (not too large
or too small) under the given laser spot moving speed on the powder bed surface (as implied by
Fig.8).

Effect (1) seems to be easy to understand. The “pressing laser pulse” needs to have a
sufficiently high transient intensity (i.e., sufficiently high pulse energy with a given pulse duration
and spot size) in order to produce sufficiently high transient pressures via laser ablation plasma.

Effect (2) will be discussed next based on in-situ time-resolved temperature measurement
results during DP-LMS shown in Fig.10a and 10b, where the major laser parameters are the same
as those for Fig.6b and 6c, respectively. In the DP-LMS process for Fig.10a, each laser pulse group
has 10 “sintering pulses” (with a pulse-to-pulse time interval of 40 ps) followed by 1 “pressing
pulse” at a delay time of 1, = 125 ps. For Fig.10b, the delay time is 7, = 625 ps.

Fig.10a shows 10 temperature oscillation peaks, which are induced by the 10 “sintering
pulses” in a laser pulse group. The peak-to-peak temporal distance is around 40 ps, similar to the
temporal distance between adjacent “sintering pulses”. The figure shows the temperature history
until the moment slightly before the “pressing pulse” is fired. It can be seen that at this moment,
the measurement spot temperature is still well above the melting point [20]. Hence, the surface
material in the measurement spot is still substantially in a molten state. Because the laser spot and
the measurement spot have about the same center location, it is expected that the “pressing laser
pulse” can induce high pressures onto the molten metal surface, promoting melt flow, reducing
balling and/or enhancing densification and/or continuity. Hence, a reasonably good sintering result
is shown in the micrograph in Fig.6b, where the DP-LMS process is performed with major laser
parameters the same as those for Fig.10a. The measurement spot temperature history after the

“pressing pulse” irradiates the surface is not shown, because the “pressing laser pulse” generates
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plasma, the emitted radiation of which will also reach the photodetector in the pyrometry system
in Fig.1a and could overwhelm the thermal radiation emitted from the measurement spot when the
plasma radiation is strong.

Fig.10b shows the measured temperature history until the moment slightly before the
“pressing laser pulse” is fired, which comes at a delay time of 7, = 625 ps (500 ps longer than that
for Fig.10a). It can be seen that at this moment, the measurement spot temperature is already lower
than the melting point of cobalt. Hence, the irradiated surface region by the “pressing laser pulse”
has already solidified (or mostly solidified). It is expected that this will greatly weaken the
aforementioned beneficial effect of the “pressing laser pulse”. Because the major laser parameters
for Fig.10b are the same as those for Fig.6c, this provides a fundamental explanation about why
the sintered region shown in the micrograph in Fig.6¢ appears much less continuous and densified
(with more obvious balling) than that in Fig.6b.

The temperature measurement results in Fig.10 have helped reveal the underlying physical
mechanisms for the different sintering results by DP-LMS with different “pressing laser pulse”
delay time. In addition, the results clearly show the thermal accumulation effect between adjacent
“sintering laser pulses” under the conditions studied. After one “sintering laser pulse”, the surface
material (in the measurement spot) is still at an obviously elevated temperature when the next
“sintering laser pulse” comes. This implies that all the “sintering pulses” in a pulse group, not just
the last one, could influence the surface temperature when the “pressing laser pulse” is fired.

The main purpose of the temperature measurements in this paper is to help understand the
effect of the different “pressing laser pulse” delay time under the conditions studied, and hence the
measurement spot temperature at around one to a few hundred ps after the last “sintering pulse” is

of major interest. A Butterworth low-pass filter was used to reduce high-frequency noise of the
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photodetector signals in the measurements. The selected oscilloscope sampling frequency and the
Butterworth filter parameters (as described earlier) should be able to satisfy the aforementioned
purpose sufficiently well, although they may reduce the slope and degrade the temporal resolution
of the ten rising edges in each temperature history curve in Fig.10 (and also slightly affect the ten
falling edges and the magnitudes of the ten local peaks). In each of the DP-LMS experiments for
Fig.10, the powder bed surface was moved by a motion stage at ~20 mm/s and a total of ~571 laser
pulse groups were fired. The temperature measurement was conducted for approximately the
middle laser pulse group.

Effect (3) is a very interesting effect. Figure 8c shows that when the temporal distance
between adjacent pulse groups is too long, the sintered material appears to be overall less
continuous. It is expected that this should be related to the less laser energy input per unit area
under the longer group-to-group temporal distance (with a given laser spot moving speed). On the
other hand, Fig.8a shows that when the group-to-group temporal distance is too short, the sintered
material appears to be more porous and exhibits more severe balling. The following is the expected
mechanism. When the group-to-group temporal distance is very short, due to the potential group-
to-group thermal accumulation effect, the “sintering laser pulses”-induced melt pool size and/or
molten metal amount may become too large. Hence, the pressure impact (the impact magnitude
and/or impacted region size) due to the “pressing laser pulse” may become insufficient in
transforming the molten metal balls into a more continuous and flat metal layer. This may lead to
a less continuous sintered medium with more obvious balling as shown in Fig.8a.

The proposed fundamental mechanisms in Section 3.2 and 3.3 of this paper may still

require future work to further confirm and verify.
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As mentioned earlier, relatively large laser spots were used in this study to make it easier
to observe the surface morphology of the sintered material lines. It is beyond the scope of this
paper to study the achievable spatial resolution for DP-LMS. Due to the small particle sizes and
short pulse durations that can be used, it is expected that a good spatial resolution is potentially
achievable by DP-LMS. The sintering in this paper is still called “micro” sintering because the
used particle size is on the order of ~1 wm, which is much smaller than the typical particle sizes
for the conventional macro-scale selective laser sintering or melting. Such a small particle size can
potentially make it possible to sinter very small micro features, and meanwhile it can often make
it challenging to obtain good densification and/or continuity for sintered material as introduced

earlier.

3.4 Advantages of DP-LMS and General Guidelines on Parameter Selection

The advantages of DP-LMS and its general parameter selection criteria were briefly
discussed in the authors’ previous paper [ 13]. These will be discussed in more details in this paper.

Under the conditions studied in this paper, DP-LMS shows better sintering results than
those by SP-LMS only using sintering or pressing pulses. The major concept of DP-LMS is to use
two types of pulses to achieve the purpose of “sintering” and “pressing”, respectively. It is possible
to do both “sintering” and “pressing” with just one type of laser pulses at sufficiently high
intensities. However, using two types of laser pulses, as in DP-LMS, offers the potential
advantages of much better flexibility, adjustability and/or controllability. The parameters of the
“sintering pulse(s)” and those of the “pressing pulse(s)” in each pulse group can be selected for
the purpose of “sintering” (i.e., generating sufficient powder melting with no or little ablation) and

for the purpose of “pressing” (i.e., generating sufficiently high pressures via ablation, but without
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removing too much material), respectively. For each laser pulse group, the amount and temperature
of molten metal generated can be adjusted by changing the parameters of the “sintering laser
pulse(s)” without significantly affecting the subsequent pressures induced by the “pressing laser
pulse(s)” on the surface. The pressures exerted on the surface can be adjusted by changing the
parameters of the “pressing laser pulse(s)”. The moment of the pressure impact onto the powder
bed surface can be adjusted by changing the delay time of the “pressing laser pulse(s)”. In a broad
sense, a SP-LMS process with the “sintering” or “pressing” pulses alone is just a special sub-set
of the DP-LMS process. In this sense, the best achievable result by a DP-LMS system can only be
better than (or at least the same as) that by a SP-LMS system equipped with only one of the two
lasers in the DP-LMS system, and the DP-LMS system could offer much better process
adjustability, flexibility and/or controllability. It should also be noted that the equipment cost of
an additional suitable nanosecond laser is typically much lower than the total cost of a complete
commercial selective laser sintering or melting system [23].

Finally, a general parameter-selection guideline for DP-LMS is given. Typically, the
parameters of “sintering laser pulses” should be suitably selected for the purpose of “sintering”
(i.e., generating sufficient particle melting with little material removal by ablation). Typically, a
reasonably long pulse duration for the “sintering pulses” (e.g., on the scale of ~100 ns) may be
desirable to facilitate the generation of sufficient melting. The fluence(s) of the “sintering pulse(s)”
in each pulse group (considering the possible pulse-to-pulse thermal accumulation effect) should
be higher than the powder bed melting threshold, but lower than (or at least not obviously higher
than) its ablation threshold. On the other hand, typically the parameters of the “pressing laser
pulses” should be suitably selected for the purpose of “pressing” (i.e., generating a sufficiently

high pressure pulse onto the powder bed surface by ablating a small amount of material). Typically,
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the laser-induced transient peak pressure increases with the laser pulse peak power density (/, unit:
W/cm?), while the amount of material ablated per unit surface area increases with the laser pulse
fluence (F, unit: J/cm?). Hence, the “pressing laser pulse” should have a sufficiently high peak
power density, but not a too high fluence. Therefore, it should also have a relatively short pulse
duration (t, which is typically proportional to F/I), e.g., on the scale of a few ns. Typically, the
“pressing laser pulse” should be fired when the irradiated surface region is still in a molten state
(or partially so to a sufficient extent), so that its induced pressure can help promote molten metal
flow, reduce balling and/or enhance densification and/or continuity. DP-LMS is a novel
technology that is still being studied. Hence, the general guideline above is subject to possible

future modifications and/or improvements.

4 Conclusions
This paper reports single-track experimental study of a novel double-pulse laser micro
sintering (DP-LMS) process previously proposed by the corresponding author [12], and the related
fundamental mechanism analysis with the help of in-situ time-resolved temperature measurements
via a two-color pyrometry system. The studied DP-LMS process utilizes laser pulse group(s), each
of which consists of two types of laser pulses: ten low-intensity, long-duration “sintering laser
pulses”, and one high-intensity, short-duration “pressing laser pulse”. Under the conditions
investigated, the following has been found:
(1) In an ambient air environment, the novel DP-LMS process can produce material lines that
appear to be more densified and/or continuous than those by single-pulse laser micro sintering

with only the sintering or pressing pulses.
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(2) The fundamental mechanism for the better sintering results by DP-LMS compared to SP-LMS
with only the “sintering pulses” is expected to be the following: under the irradiation by
“sintering laser pulses”, the melted particles tend to contract into individual balls due to surface
tension. Compared to SP-LMS, the additional high-intensity “pressing laser pulse” in each
pulse group in DP-LMS can ablate a small amount of material and generate a plasma plume,
which can induce a high transient pressure onto the powder bed surface to promote molten
metal flow, reduce balling and/or enhance densification and/or continuity.

(3) In order for the “pressing laser pulse” to be effective, its intensity (and hence pulse energy
under the given laser pulse duration and spot size) needs to be sufficiently high to produce a
sufficiently high pressure. It also needs to follow the “sintering pulses” closely enough in time.
As revealed by the in-situ temperature measurements, a “pressing pulse” fired when the
irradiated surface region is still in a molten state (or partially so to a sufficient extent) produces
much better material continuity and/or densification than that fired when the surface region
has mostly solidified. This is consistent with, and provides supporting evidence for, the
aforementioned DP-LMS fundamental mechanism.

(4) The in-situ temperature measurements suggest that a thermal accumulation effect exists
between adjacent “sintering laser pulses” in each pulse group, where the surface region
irradiated by one “sintering laser pulse” is still at an elevated temperature when the following
“sintering laser pulse” comes.

(5) To obtain a good sintering result in DP-LMS, the laser pulse group-to-group temporal distance
needs to be sufficiently small to ensure sufficient energy input per unit area under a given laser
spot traveling speed. On the other hand, the inter-group distance needs to be sufficiently large

to avoid generating a melt pool (and/or molten material amount) that is too large for the
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“pressing laser pulse” to effectively impact. This is expected to be the fundamental mechanism
for the observed parametric effect of the inter-group temporal distance.

To the authors’ knowledge, DP-LMS is a novel process proposed in a recent year that is
still under study. The sintering results presented in this paper do not necessarily represent the best
possible results under the given setups. Further work is still needed to better understand the
manufacturing performance and the fundamental mechanisms of DP-LMS. In particular, it could

be good work in the future to perform further microstructure characterizations for DP-LMS.
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Figure 1. Schematic diagrams for: (a) the experimental setup for double-pulse laser micro
sintering (DP-LMS) including the pyrometry system for in-situ temperature measurements
(showing only some major components); (b) the laser pulse format employed for the DP-LMS
process in this study (which only shows the pulse timing, not the pulse power, duration or
temporal profile).
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Figure 2. Optical microscopic images of powder bed surface regions sintered by: (a)(b) DP-LMS
(average “sintering laser pulse” energy E1 = ~0.067 mJ per pulse, “pressing laser pulse” energy
E> =~0.179m], “pressing laser pulse” delay time tp = 125 ps); (c)(d) LMS only using the
“sintering pulses” (E1 = ~0.067mlJ); (e)(f) LMS only using “the sintering pulses” with a higher
average pulse energy (E1 = ~0.084mlJ) (for (a) to (f), adjacent pulse group temporal distance Tge=
1040 ps).
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Figure 3. SEM images showing a surface region sintered by: (a)(b) DP-LMS, (c)(d) SP-LMS
only using the “sintering pulses” shown in Fig.1b, and (e)(f) SP-LMS only using the “pressing
pulses” (the major laser parameters for (a)(b) are the same as those for Fig.2a, while the major
laser parameters for (c)(d) are the same as those for Fig.2c. For (e)(f), the “pressing pulse”
energy is ~0.179 mJ/pulse and the pulse repetition rate is 3.125 kHz.)
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Figure 4. SEM images of the cross sections of samples sintered by: (a)(b) DP-LMS (with the
same major laser parameters as those for Fig.2a) and (c)(d) SP-LMS only using the “sintering
pulses” (with the same major laser parameters as those for Fig.2c).
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Figure 5. Elemental composition maps obtained from EDS measurements for cross-sectional
regions of samples sintered by (a) DP-LMS (with the same major laser parameters as those for
Fig.2a) and (b) SP-LMS with only the “sintering pulses” (with the same major laser parameters
as those for Fig.2c); (c) the weight percentages of elements for the measured regions in (a) and

(b).
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Figure 6. Optical microscope images of a portion of the material lines sintered by DP-LMS with
different “pressing laser pulse” delay times: (a) 7, = 25us, (b) 7, = 125us and (c) 7, = 625us
(average “sintering laser pulse” energy E1 = ~0.067mlJ, “pressing laser pulse” energy E> =
~0.179mJ, adjacent pulse group temporal distance tgz = 1040 ps).
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Figure 7. Optical microscopic images of a portion of material lines sintered by DP-LMS with
different “pressing laser pulse” energies: (a) £2 =~0.138 mJ and (b) £2> =~0.179 mJ (average
“sintering laser pulse” energy E1 = ~0.067mlJ, “pressing pulse” delay time t, = 125 ps, and
adjacent pulse group temporal distance tg¢= 1040 ps); (c) the average electrical resistances of
material lines sintered by DP-LMS with the same major laser parameters as those for (a) and (b),
respectively.
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Figure 8. Optical microscopic images of a portion of material lines sintered by DP-LMS with
different temporal distances between adjacent laser pulse groups (a) tge = 640 ps; (b) tge = 1040
us; and (c) tge = 1440 ps (average “sintering laser pulse” energy E1 = ~0.067 mJ, “pressing laser

pulse” energy E> =~0.179 mJ, and “pressing pulse” delay time 7, = 125 ps).
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Figure 9. Schematic diagram of the potential fundamental mechanism for the different sintering
results by DP-LMS and by SP-LMS with only the “sintering laser pulses” under the conditions
studied.
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Figure 10. Powder bed surface temperature histories measured in situ during DP-LMS with a
“pressing laser pulse” delay time of (a) 7, = 125 ps and (b) 7, = 625 ps (the other major laser
parameters are the same as those for Fig.6).
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